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ARTICLE INFO ABSTRACT 


The study presents an investigation of irradiation resistance properties of TizAlC2 under 500 keV He ions 
irradiation with the doses ranging from 5.0 x 10'® to 1.0 x 1018 ions cm~? at certain temperatures, like 
room temperature (RT), 300 and 500 °C. X-ray diffraction (XRD) and Transmission electron microscopy 
(TEM) are used to study the evolution of structural damage and the behavior of deposited He ions respec- 
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tively. XRD analysis reveals that for the highest dose irradiation (~52 dpa at peak), no amorphization 
occurs. And the structural recovery of Ti3AlC2 is more significant accompanied with the gradual disap- 
pearance of the irradiation-induced TiC phase as the temperature rises from RT to 300 and to 500 °C with 
the same dose irradiation. TEM observations show that He bubbles appear in the shapes of sphere, string 
and platelet but no big bubbles are formed for all irradiations. Moreover, no large cracks form in the sam- 


ple implanted with the highest helium concentration of ~6.4 x 10° appm. 


{ 1. Introduction 


As one of the typical MAX phases, where M is an early transition 
metal, Ais an element from the IIA or IVA groups, and X is carbon or 
nitrogen, TizAIC, is characterized by near close-packed Ti layers 
interleaved with Al layers, with the C atoms filling the octahedral 
sites between Ti atoms (TigC) [1]. So TiAlC combines the properties 
of both metal and ceramic, such as high-temperature stability 
(1460 °C at least), good ductility, excellent thermal shock resistance 
and intrinsic damage tolerance [1-4]. Therefore, it has been consid- 
ered as aremarkable fuel cladding or structural material to be used in 
future fission and fusion reactors, such as the gas-cooled fast reactor 
(GFR) and international thermonuclear experimental reactor (ITER). 

Several works concerning irradiation effect of TizAlC, and sim- 
ilar MAX phase Ti3SiC, have been conducted in recent years and 
most of them are at low damage displacement with high energy 
ions irradiation. Flem et al. [5] and Whittle et al. [6] confirmed that 
Ti; (Si, Al) Cp remained crystalline at 6.67 and ~25 dpa respectively 
except for some loss of its nanolamellar structure. It was also 
shown by Whittle group that Tiz3AlC2 showed more tolerance to 
irradiation damage than Ti3SiCp. Liu et al. [7,8] have demonstrated 
an evident increase in hardness and the formation of B-Ti3Sio.90- 
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Alo.10C2 after irradiation by 74 MeV Kr and 92 MeV Xe ions as well 
as a complete recovery of properties at high temperature especially 
at 800 °C. However, the researches regarding the helium effect on 
Ti3AlC, are rare though in (n, o) transmutation reactions [9] of nu- 
clear materials plenty of helium atoms are produced, which result 
in deleterious effects such as swelling, blistering and mechanical 
properties degradation of materials [10]. Wang et al. [11] found 
the transformation of He bubbles shape from sphere to string in 
TiAlC with 50 keV He irradiation at room temperature. But there 
is no work studying the He behaviors in TizAIC, at high irradiation 
temperature. This work is carried out to develop an understanding 
of the irradiation resistance of Ti3AlCz and the evolution of helium 
bubbles under different He ions irradiation conditions. 


2. Experimental details 


The polycrystalline TizAlC, was provided by Ningbo Institute of 
Materials Technology & Engineering, Chinese Academy of Sciences. 
To obtain the material, a mixture powder of Ti, Al and C with the 
stoichiometric proportion of 3:1.2:1.9 should be put into a cylin- 
drical graphite mould with 5 min sintering at 1200 °C in the flow- 
ing argon gas with an applied pressure of 30 MPa by the spark 
plasma sintering technique. The specimens were cut into parallel- 
epipeds of about 10 x 10 x 2 mm?, and one face was polished with 
diamond spray of particle size down to 1 um. The parallelepipeds 


were cleaned by rinsing in ultrasonic baths of acetone and ethanol 
and subsequently irradiated on the polished surface. 

Irradiation experiments of the Tiz3AlC, ceramic were performed 
at 320 keV multi-discipline research platform for highly charged 
ions equipped with an ECR (electron cyclotron resonance) ion 
source in the Institute of Modern Physics, Chinese Academy of 
Sciences (IMP, CAS), Lanzhou. The samples are irradiated 
with 500 keV He? ions and the mean flux was about 5 uA 
(1.1 x 10!" ions cm~? s~!). The irradiation conditions are summa- 
rized in Table 1. The theoretical results of 500 keV He irradiation 
with a dose of 1.0 x 10'%ionscm™?, i.e. penetration depth, 
displacement damage (dpa, displacement per atom) and He con- 
centration are calculated by SRIM 2008 |12] full damage cascade 
simulations (Fig. 1). The threshold displacement energies are 
determined as 25 eV for Ti, 25 eV for Al and 28 eV for C. 

All samples were characterized by low-incidence X-ray diffrac- 
tion (LI-XRD) using a Philips X’pert diffractometer with Cu Kæ radi- 
ation. The X-ray diffraction data were collected between 20° and 
85° in 20 scale under an incidence of 5° with the corresponding 
maximum depth of about 1.5 um. The data from the irradiated 
zone was covered in XRD data according to the SRIM calculation 
results. The irradiated specimens are prepared by the cross-sec- 
tional specimen technique and then thinned by 3.0 keV Ar+ ion 
beam milling to form a wedge for sufficient electronic transpar- 
ency, so that damage level as a function of depth could be obtained 
directly. The TEM observation is performed with an FEI TECNAI G? 
F30 and all micrographs are taken at 300 keV. 


3. Results 
3.1. XRD patterns 


XRD diffraction patterns of the virgin sample and all irradiated 
samples are shown in Fig. 2. With increasing doses of samples irradi- 


Table 1 
The parameters of irradiation experimental condition. 
Temperature Room temperature 300°C 500 °C 
Irradiation dose (ions cm~?) 5.0 x 1016 3.0x10'7 3.0x 10!” 
1.0 x 10!” 
3.0 x 10!” 
1.0 x 10'8 


ated at RT, an evident drop of peak intensity and rise of peak width 
are found, which reveals some loss of crystallinity. Both (102) and 
(112) peaks begin to shift remarkably to higher 20 and (105) peak 
to lower 20 with the similar trend when the irradiation dose reaches 
5.0 x 10'° ions cm~?. This phenomenon is principally caused by the 
presence of new TiC phase whose corresponding peaks are (111), 
(200) and (220). It has been previously confirmed that the TiC phase 
is produced by nuclear shock in irradiated Ti3SiC, or Ti3AIC, [11,13- 
15]. In addition, the relative intensities of (102) and (103) to(101) 
peaks become larger as the irradiation dose increases. It might be in- 
duced by the phase transformer from o&-Ti3AIC2 to B-Ti3AIC2 and the 
similar transformation has been found in Ti3SiC, after irradiation 
[8,14]. Furthermore, Farber et al. have verified these polymorphic 
phase transformations in Tin+1AXn (n > 2), such as Ti3SiC2, TizAlC2 
and Ti,AIN3 through HRTEM [16]. 

For the samples irradiated with the dose of 3.0 x 10!” ions cm7 
at various temperatures, the peak intensity, peak position and peak 
width recovered progressively as the irradiation temperature in- 
creased. That phenomenon serves as proof of the beneficial effect 
of temperature in reducing irradiation damage. Moreover, the 
new phases formed with irradiation at RT cannot be detected when 
the irradiation temperature increases to 500°C. Considering the 
noteworthy thermal stability of the new phase TiC up to 820°C 
[14], we conclude that the possibility of TiC formation is elimi- 
nated by the recombination of irradiation effects during collision 
cascade formation. 
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3.2. TEM results 


The TEM analysis confirmed the presence of polycrystalline Tis- 
AIC, with a grain size of ~1.5 um (not shown). And an overview of 
the nanolamellar structure and damage area is shown in Fig. 3. In 
the virgin sample, the periodic multilayer structures are evident 
(Fig. 3a). With the irradiation dose of 5.0 x 10!6 ions cm~? 
(~2.62 dpa), it is detected obviously that the depth of the damaged 
area ranges from 1.134 to 1.354 um in accordance with the SRIM 
calculation results. And some isolated nanometer-scale spherical 
helium bubbles are spread at the damaged region with an 
average radius of ~0.6nm around the maximum concentration 
(3.2 x 104appm) depth of implanted He atoms (Fig. 3b). The 
bubble radius presents a Gaussian-like distribution and the mean 
radius is determined by measuring the radius of a total of 80 
bubbles [11]. In addition, the damaged area contains clusters of 
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Fig. 1. He concentration and number of displacements per atom induced by 500 keV He irradiation at the dose of 1.0 x 10'8 ions cm~?. 
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Fig. 2. XRD patterns of TizAlC, samples irradiated at various doses and temperatures. 


interstitial atoms or dislocation loops. And it becomes wider in the 
direction of helium implantation and more distinct owing to more 
defects when the dose increases. With the dose rising to 
3.0 x 10!” ions cm~?, some bubbles grow bigger resulting in the 
average bubble radius of ~0.8 nm by means of absorbing the in- 
jected He atoms and vacancies from continuous irradiation dam- 
age. Meanwhile, some spherical bubbles appear to coalesce into 
strings, leading to a reduction in interfacial energy [17]. It is espe- 
cially apparent at the maximum concentration depth of implanted 
helium (see Fig. 3c). In addition, the orientation of string-like bub- 
bles along the direction parallel to the surface irrespective of the 
crystallographic orientation of the polycrystalline grains can 
minimize their system free energy. The same case happens in other 
ceramics such as MgAl20;,, Al2O3 and SiC with He ions irradiation at 
room temperature [18]. As the dose reaches 1.0 x 1018 ions cm~?, 
the coalescence of bubbles tend to be more pronounced with small 
cracks appearing (circles in Fig. 3d). The cracks are within ~50 nm 
in length. Additionally, Ofan’s experiments [17] confirmed that the 
bubble size and the average distance between bubbles exerted 
crucial influence on the formation of the string-shaped bubbles. 
When the average distance between bubbles is on the order of 
the bubble size, the bubbles interact strongly, coalescing into 
string. However, in the current work no large cracks are observed 
under this irradiation condition. 

As the irradiation temperature increases, the damaged region 
becomes narrower, and the boundary between the irradiated area 
and the virgin material is less visible along with the weak contrast 
in TEM images as shown in Fig. 4. They should be ascribed to fewer 
remaining defects caused by the increasing probability of recombi- 
nation of Frenkel pairs at high temperatures. It is noticeable that 
the small cracks induced by bubbles coalescence disappear in 
Fig. 4b, but the mean bubble radius (~0.80 nm) remained constant 
(Fig. 4a). It indicates that the lower bubble concentration for the 
maximum peak depth is at the irradiation temperature of 300 °C. 
With increasing temperature, the removal rate increases faster 
than helium absorption [19]. So helium bubbles disperse into a lar- 
ger zone. However, the temperature of 300 °C is not high enough 
for bubbles to grow eminently in Ti3AIC). In Fig. 4c, the platelet- 
like, string- and sphere-shaped bubbles in different sizes are 
distributed regularly with implantation depth. The distribution is 
closely related to the varying concentration of deposited He atoms 
with increasing depth. In zone | of the damaged area, the spherical 
bubbles, generally more than 2 nm in diameter, exist for the major 


portion and a few string-shaped bubbles of up to 10 nm in length 
appear when the depth increases. In zone II, large platelet-like bub- 
bles are oriented nearly in the direction of the multilayered struc- 
ture with scattered spherical and string-shaped bubbles around 
them. Moreover, the orientation is not actually parallel to the irra- 
diated surface but dependent on the specific crystallographic 
orientation of the polycrystalline grains to a certain extent. 
Although the orientations of platelet-like bubbles and the crystal- 
lographic orientation are not identified in the present study, the 
last phenomenon can be directly observed in some related high 
magnification TEM pictures (not presented here). So it is likely that 
platelet-like bubbles formation tends to be preferentially associ- 
ated with the multilayered structure. Besides, the growth of 
bubbles should be explained by the Ostwald ripening process 
and void agglomeration [20-22]. 


3.3. Evolution of micro-srain 


Generally, the X-ray diffraction peak broadening consists of the 
instrumental broadening and the broadening which is due to crys- 
tallite size and micro-strain present in the material. According to 
Liu and Nappé’s analysis [8,15], the crystallite size of more than 
1 um (about 1.5 um in this work) is large enough not to induce 
the broadening of the Ti3AIC, diffraction peaks. So the William- 
son-Hall (W-H) equation [23] for the peak broadening induced 
by micro-strain is given below: 


(Bua) = 4 € tan Ona (1) 


where 0px is Bragg diffraction angle (°), ¢ is the micro-strain and the 
experimental value of (fax)? is obtained following by eliminating 
the instrumental broadening. The analysis is carried out on the basis 
of the strong peaks of (101), (103), (104), (105), (110). And the 
micro-strain as the functions of dose and temperature is delineated 
in Fig. 5. 

The irradiations at RT lead to a continuous increase in the mi- 
cro-strain as the dose rises to 3.0 x 10!” ions cm~?, which is attrib- 
uted to the more produced Frenkel pairs in materials. However, 
when the dose increases unceasingly, the micro-strain begins to 
decline due to the thermal effect [24,25]. With the identical irradi- 
ation dose (e.g., 3.0 x 10!” ions cm~7), the higher temperature, the 
lower the micro-strain. It verifies that temperature plays a crucial 
role in releasing the micro-stress. 


surface 


Fig. 3. (a) The bright-field TEM image of the virgin TizAlC2 and (b) to (d) 
corresponding to the samples irradiated at RT with doses of 5.0 x 10'° ions cm~? 
3.0 x 10'” ions cm~?, 1.0 x 10! ions cm~?, respectively. 
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4. Discussion 


Helium atoms in irradiated materials may exist in two forms: (i) 
helium-vacancy complexes for the low concentration of implanted 
helium atoms and (ii) helium bubbles or voids for the high concen- 
tration. Both may play a deleterious role for the structural proper- 
ties [10,26] and physical properties of materials [27]. However, 
Ti3AIC shows irradiation resistance and recovery when irradiated 
by 500 keV helium ions under different conditions. 

Similar to Ti3SiCj [15], TizAlCz is sensitive to elastic collisions 
rather than electronic excitation (inelastic collisions). So many 
vacancies and self-interstitials are created in the collision cascade 
with 500 keV He ions irradiation. Al atoms can easily escape from 
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Fig. 4. (a)-(c) Corresponding the cross-section bright-field TEM images of Ti3AIC2 
samples irradiated with the dose of 3.0 x 10'” ions cm~? at RT, 300°C, 500°C, 
respectively. 
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Fig. 5. Variation of the micro-strain derived from XRD results as a function of 
irradiation dose and temperature. 


its position due to the weak bonding between Ti and Al [28]. 
Moreover, the theoretical calculations on helium incorporation in 
Ti>AlC, demonstrate that helium atoms favor the interstitial and 


substitutional sites in aluminum layer [29]. As a product of the 
decomposition of Ti3AlC2, the new phase TiC is formed even at 
the lowest damage level (2.6 dpa). But TiC almost disappears at 
the irradiation temperature of 500 °C, in coincidence with the phe- 
nomenon that the interstitial Si atoms could easily hop back to low 
energy 2b original site in Ti3SiC, at high temperature (300, 500 °C) 
[8]. It is noteworthy that the occupation of Al sites by helium 
atoms does not influence the structural recovery of Ti3AlCz. Be- 
sides, TizAlC, remains crystalline even at the maximum helium 
concentration of ~6.4 x 10° appm and the corresponding damage 
level of ~52 dpa (1.0 x 10!ê ions cm~). Unlike it, SiC becomes 
amorphous above 0.5 dpa [30]. The direct reason for SiC going into 
the amorphous state should be due to the deposited energy pro- 
duced by injected ions [27]. However, for TisAlC2, high resistance 
to amorphization should be attributed to the recovery from dam- 
age on basis of the diversity chemical bonds especially its strongest 
bond Ti-C [31]. 

Another important phenomenon is that no large cracks are 
observed at the highest fluence (1.0 x 101° ions cm~), this is a dis- 
crepancy as compared with the result in Wang et al. [11]. The cause 

J= of the discrepancy should be the significant thermal effect on the 
He ions irradiation. The thermal effect becomes more significant 
as the irradiation dose reaches 1.0 x 10! ions cm~?, which can 

LO be reflected by the tendency of micro-strain versus dose. And the 

of sudden decline of micro-strain under this condition may be closely 
linked to the disappearance of large cracks. Besides, when the irra- 
© diation temperature rises up to 500 °C, the concentration of defects 
© and the micro-strain see a consistent declining tendency. More- 
over, the bubbles remain in small size due to their limited growth 
relevant to the nanolamellar structure of Tiz3AIC;. Platelet-like 
bubbles form as a result of the anisotropic growth. The above out- 
comes demonstrate that TizAlC, can stand the helium ions irradia- 
oO tion even at high temperature (500 °C). 


N 


E u 
> 5. Conclusion 
>< The aim of this study was to evaluate the irradiation resistance 
Ww of Ti3AlC2 with 500 keV He ion irradiation. Ti>AlC exhibits excel- 
( lent resistance against He ion irradiation. When the damage level 
=== increases up to 52.2 dpa with the room temperature irradiations, 
neither amorphization happens nor large cracks appear. And the 
micro-stress in Ti>AlC, gets released evidently at the highest dose. 
For the samples irradiated with the dose of 3.0 x 10!” ions cm~?, 
the produced new phase TiC disappears gradually, and the crystal 
structure (e.g., unit cell parameter) recovers significantly with 
increasing irradiation temperature. Moreover, at the temperature 
of 500 °C, helium bubbles don’t agglomerate apparently because 


their growth is constrained by the nanolamellar structure of 
TisAlC2. 
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